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INTRODUCTION 
A portion of the development effort for high temperature composite materials is 
dedicated to the assessment of nondestructive evaluation (NDE) technologies for detecting 
flaws in these materials [1,2]. To illustrate the importance of defect detection and character-
ization, figure 1(a) shows the results of a delamination sensitivity analysis on a CMC 
material in consideration for use as a hot section material in advanced aircraft engines. The 
study indicates that as the size of delaminations increases from 3x3 mm to 25x25 mm, the 
hot surface temperature increases up to 50 percent making the material unusable for hot 
section application. Recent technological advancements in infrared camera technology and 
computer power have made thermographic imaging systems worth evaluating as a non-
destructive evaluation tool for advanced composites. Thermography offers the advantages 
of real-time inspection, no contact with sample, non-ionizing radiation, complex-shape 
inspection capability, variable field of view size, and portability. The objective of this study 
was to evaluate the ability of a thermographic imaging technique for detecting flat-bottom 
hole defects of various diameters and depths in 4 composite systems of interest as high-
temperature structural materials. The technique used in this study utilized high intensity 
flash lamps to heat the sample located on the same side of the detecting infrared camera. 
The composite systems were (fiber/matrix): silicon carbide/calcia-alumina-silica (SiC/ 
CAS) CMC, silicon carbide/silicon carbide (SiC/SiC) CMC, silicon carbide/titanium alloy 
(SiC/Ti) MMC, and graphite/polyimide PMC. The holes ranged from 1 to 13 mm in 
diameter and 0.1 to 2.5 mm in depth in samples approximately 2 to 3 mm thick. Ultrasonic 
and radiographic images of the samples were obtained and compared with the thermo-
graphic images. 
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Figure l. (a) Deiamination thermal sensitivity study for CMC material (panel thickness = 
2.5 mm, no heat transfer across delamination surfaces). (b) Schematic of experimental 
configuration for thermography studies described in this article. 
EXPERIMENTAL 
Thermography Technique Description 
Figure l(b) shows the generalexperimental set-up used for the thermography detect-
ability experiments. Two high energy (6400J) xenon flash lamps located on the same side 
as the detecting infrared (IR) camera are flashed which triggers the IR camera to begin 
collecting temperature information from the surface of the sample under evaluation. 
(Reference [3] describes other experimental configurations attempted.) Defect boundaries 
inside the material act to slow down (lower diffusivity material such as air gap) or speed up 
(material inclusion of higher conductivity than that of matrix) the diffusion of the thermal 
front as it propagates into the material. Due to the changed diffusion rate, temperatures will 
be different (higher in the case of an air gap) in the areas near the defects than in the sur-
rounding "good" material. Temperature resolution of the system is 0.05 °C. To a first 
approximation, it has been found that 1) the time at which defect appears is proportional to 
the square of depth [4] and 2) loss ofthermal contrast (i.e., the detected temperature differ-
ence between a defective area and a sound area) is proportional to the cube of depth [5]. An 
empirical rule for thermography states that defects of diameter 0.5*d to l.O*d where d is 
the depth below the surface probably will not be detected [6]. 
Experiments 
The SiC!fi MMC samples were spray painted flat black to increase the emissivity of 
the shiny, silver metallic surface characteristic of these composites. No other samples 
required this paint due to their dark-colored, non-specular surface. All samples were 
mounted with the surface containing flat bottom holes facing away from the camera against 
a flat steel plate (painted black). The distance between sample and camera was measured 
and input to the computer to allow motor-driven positioning of the IR lens for optimum 
focusing ofthermal energy on the detector element. The flash lamps were located inside 
parabolic aluminum reflectors to increase the amount of heat energy in the direction of the 
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sample. Up to 30 IR image frames were acquired sequentially at 100 to 200 msec intervals 
after flashing. In cases where defects were not detected through 30 frames using the 100 to 
200 msec delay time, 500 msec delay intervals were tried. 
Detectability studies were accomplished by an individual with 20/20 vision viewing 
thermography image frames on a 1024x768 pixel resolution monitor of 40.5 cm diagonal. 
The actual image sizes on video were automatically calculated by the computer and 
generally 6 to 12 cm horizontal dimension by 6 to 8 cm vertical dimension. The camera 
was set to zoom in on the field of view so that the sample area for detectability determi-
nations was optimized (except for the later experiments in which detectability was deter-
mined as a function of field of view size). A contrast expansion method was applied to the 
obtained thermography image shade (110 possible shades) to every temperature increment 
of 0.05 oc between the minimum and maximum temperatures in the image. When more 
than 110 discrete temperatures (in increments of 0.05 oq are present in the image, the gray 
shading "wraps around" or begins again from the first shade used. Detection was defined as 
beingable to resolve individual defects. Defects were classified as "not detected," "barely 
detected," or "detected" with "barely detected" indications showing the threshold of 
detectability. Barely-detected defects were counted as "detected" in the detectability plots 
presented in the RESULTS section. 
Further NDE Characterization 
Radiographie and ultrasonic imaging were performed on the samples for the purposes 
of comparing detectability results with those from thermography. Reference [3] describes 
the ultrasonic and radiographic imaging experimental conditions. 
RESULTS AND DISCUSSION 
The depths and diameters given in figures 2(a), 3(a), 4(a) and 5(a) have +/-50 J.Ull and 
+1- 10 J.Ull measurement error, respectively. 
SiC/CAS CMC 
Figure 2(a) shows the detectability results for the SiC/CAS samples. Basedonthese 
data, defects of depth ~ 1.8 mm with diameters ~ 1.6 mm in this SiC/CAS material 
probably will not be detected with the thermography methodology used in this study. This 
result is consistent with the empirical rule that states that defects of diameter ~ 0.5*d to 
1.0*d where d is the depth below the surface probably will not be detected. The images of 
figures 2(b) to ( d) illustrate the detection of defects as function of time after heating. The 
shallower defects (0.9 mm $; depth $; 1.1mm) began to appear approximately 250 to 
450 msec after heating with high contrast obtained at times ::2: 500 msec. The deeper defects 
(1.5 mm $; depth $; 1.6 mm) began to appear approximately 850 msec after heating with 
high contrast obtained at times 1200 to 1500 msec. The deeper defects tend to appear more 
diffuse than the shallower defects when comparing the frames for each where maximum 
contrast occurred. Figures 2(e) and (f) show radiographic and pulse-echo ultrasonic c-scan 
(gated front surface echo trailing edge) images of the same SiC/CAS sample. The defects 
were clearly detected in the radiograph. All defects were detected in the ultrasonic image 
although the smaller, shallower indications overlap with each other due to ultrasonic 
interference. 
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Figure 2. (a) SiC/CAS CMC defect distribution and thermography detectability data. 
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(b) Thermographieimage at time after heating"" 250 msec. (c) Thermographieimage at 
time after heating == 750 msec. (d) Thermographieimage at time after heating"" 1500 msec. 
(e) X-ray film radiograph. (f) Pulse-echo ultrasonic image (gate on front-surface echo 
trailing edge). Bottom row of defects at 0.9 mm::;; depth::;; 1.1 mm. Top row of defects at 
1.5 mm::;; depth::;; 1.6 mm. 
SiC/SiCCMC 
Figure 3(a) shows the detectability results for the SiC/SiC samples. Based on these 
data, defects of depth ~ 1.8 mm with diameters ::;; 2.6 mm in this SiC/SiC material probably 
will not be detected with the thermography methods of this study. This result is consistent 
with the empirical rule that states that defects of diameter::;; 0.5*d to l.O*d where d is the 
depth below the surface probably will not be detected. Figures 3(b) and (c) show thermogra-
phy images for a SiC/SiC sample containing defects. The images correspond to the times after 
heating where maximum contrast occurred for defects of depths 0.8 to 1 mm and depths of 1.2 
to 1.5 mm. As with the SiC/CAS material, the deeper defects appear later in time after heating 
and are more diffuse in appearance than the shallower defects. Detectability did not appear 
tobe affected by ply layup as detectability results were similar for 0/90, ± 45, and 0/+45/ 
90/-45 layups. Figures 3( d) to (g) show radiographic, pulse-echo ultrasonic c-scan (gated 
back surface echo ), and through-transmission ultrasonic c-scan images of the same SiC/SiC 
sample. Radiographie images clearly show all defects. The pulse-echo c-scan image (back-
wall reflection) show indications of the shallowest and intermediate depth defects but in a 
diffuse, ambiguous manner. Through-transmission c-scan images show all the defects but 
they cannot be individually resolved due to ultrasonic interference. 
SiC/Ti MMC 
Figure 4(a) shows the detectability results for the SiC/Ti samples. Basedonthese data, 
defects of depth ~ 1.6 mm with diameters::;; 3.2 mm in this SiC/Ti material probably will 
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Figure 3. (a) SiC/SiC CMC defect distribution and thermography detectability data. 
(b) Thermographie images of defects at 0.8 mm s; depth s; 1.0 mm at time = 310 msec 
(maximum contrast). (c) Thermographieimages of defects at 1.2 mm s; depth s; 1.5 mm at 
time= 620 msec (maximum contrast). (d) X-ray film radiograph. (e) Pulse-echo ultrasonic 
image (gate on back-surface echo). (f) Through-transmission ultrasonic image (gate on first 
major through-transmitted pulse). (g) Through-transmission ultrasonic image (gate on 
second major through-transmitted pulse). 
not be detected with the thermography methodology of this study. This result is consistent 
with the empirical rule that states that defects of diameter s; 0.5*d to l.O*d where d is the 
depth below the surface probably will not be detected. Figures 4(b) to (d) show a time 
sequence of thermography images for a SiC/Ti sample containing defects. The images are 
separated by 180 ± 20msec and illustrate the detection of defects as function of time after 
heating. The shallower defects (0.5 mm s; depth s; 0.7 mm) began to appear with high 
cantrast at times approximately 200 msec after heating. Some of the larger (- 6 to 13 mm 
in diameter) defects at the deeper depths (1.6 mm s; depth s; 1.7 mm) appear with maxi-
mum cantrast approximately 600 msec after heating. The smallest (- I to 3 mm in diam-
eter) defects at these depths were not detected. Figures 4(e) and (f) show the radiographic 
and pulse-echo ultrasonic c-scan (gated back surface echo) images of the same SiC/Ti 
sample. All defects are detected in both images, although the deepest, smallest ones appear 
with slightly less clarity in the ultrasonic image. 
Graphite I Polyimide PMC 
Figure 5(a) shows the detectability results for the Graphite/Polyimide samples. The detect-
ability results indicate that defects of all diameters (1 mm to 12 mm) ~ 1.8 mm in depth were 
not detected, i.e. depth appears to be the limiting variable with regards to detectability. Based on 
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Figure 4. (a) SiCffi MMC defect distribution and thermography detectability data. 
(b) Thermographieimage at time after heating = 270 msec. (c) Thermographieimage at 
time after heating = 450 msec. (d) Thermographieimage at time after heating = 630 msec. 
(e) X-ray film radiograph. (f) Pulse-echo uhrasonie image (gate on back-surface echo). 
Bottom row of defects at 0.5 mm $; depth $; 0.7 mm. Top row of defects at 1.6 mm $; depth 
$; 1.7 mm. 
these data, defects of depth ~ 1.8 mm in this Graphite/Polyimide material probably will not be 
detected with the thermography methods used in this study. This definitive depth boundary 
demarcating detectability (for the diameters studied here) contrasts with those for the CMC 
and MMC systems where a detectability threshold based solely on depth was not obviously 
apparent. Hence, detectability is qualitatively "more difficult" in PMC materials than for 
the CMC and MMC materials. The data shown in figure 5(a) are consistent with the empiri-
cal rule that states that defects of diameter $; O.S*d to l.O*d where d is the depth below the 
surface probably will not be detected. Figures 5(b) and (c) show a time sequence of ther-
mography images for a graphite/polyimide sample containing defects. The images illustrate 
the detection of defects as function of time after heating. Only the shallowest defects 
(0.7 mm $; depth $; 0.8 mm) in the sample appear in the images. These defects begin to 
appear faintly at times 150 to 350 msec and with high contrast at times ~ 400 msec. The deeper 
defects (1 .8 mm $; depth $; 2.0 mm), as large as - 12 mm in diarneter, were never visible at any 
time. Figures 5(d) and (e) show radiographic and pulse-echo ultrasonic c-scan (gated back 
surface echo) images of the same graphite/polyimide sample. All defects are clearly 
detected in the radiograph. In the ultrasonic image, the shallow row of defects is detected 
while the deeper row of defects shows semicircular indications towards the bottom of the 
row but is mostly hidden due to ultrasonic scatter. 
CONCLUSIONS 
Limits of detectability based on depth and diarneter of the flat -botton holes were observed 
for each composite material. For the SiC/CAS CMC sarnples, defects of depth $; 1.8 mm with 
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Figure 5. (a) Graphite/polyimide PMC defect distribution and thermography detectability 
data. (b) Thermographieimage at time after heating"" 150 msec. (c) Thermographieimage 
at time after heating"" 600 msec. (d) X-ray film radiograph. (e) Pulse-echo ultrasonic image 
(gate on back-surface echo). 
diameters ~ 1.6 mm probably will be detected with the thermography methodology used in this 
study. For the SiC/SiC CMC samples, defects of depth ~ 1.8 mm with diameters ;;:; 2.6 mm 
probably will be detected. For the SiC/Ti MMC samples, defects of depth ~ 1.6 mm with 
diameters;;?: 3.2 mm probably will be detected. For the graphite/polyimide PMC samples, 
defects of diameters- 3 to 12 mm ~ 1.8 mm in depth probably will be detected. Depth 
appears to be the limiting variable with regards to detectability in the PMC system. The 
thermography imaging results were consistent with the empirical rule that states defects of 
diameter ~ 0.5*d to l.O*d where d is the depth below the surface probably will not be 
detected. The thermographic images were compared with ultrasonic and conventional film 
radiographic images. Radiographie images clearly revealed all flat bottom holes and pro-
vided the highest quality images of the three imaging methods. The ultrasonic imaging 
results were material dependent. For the SiC/CAS CMC material, thermographic imaging 
revealed defects as clearly or more clearly than did ultrasonic imaging. For the SiC/SiC 
CMC material, pulse-echo ultrasonic imaging bad difficulty clearly revealing all defects 
while through-transmission ultrasonic imaging enabled visualization of all defects; thermo-
graphic images revealed the shallowest and intermediate depth defects but could not reveal 
the deepest defects (those at depths;;?:- 2.0 mm below the surface). For the SiC/Ti MMC 
material, ultrasonic imaging revealed all defects while thermographic images did not reveal 
the smallest, deepest defects (those 1 to 3 mm in diameterat depths 1.6 to 1.7 mm below 
the surface). For the graphite/polyimide PMC material, ultrasonic images barely revealed 
indications ofthe deepest defects (;;?: 1.8 mm below surface,- 1 to 12 mm in diameter) 
while thermographic images did not reveal any of the deepest defects. 
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